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Chiral correction

π

N

m2π ∝ mq
O(p2) : M0+ c2m2π

O(p3) :
∼ gA

fπ
Nucleon axial charge

Pion decay constant

Quantum fluctuation, integrate over 
all intermediate pion energies

Do some spin algegra, isospin sum, heavy-nucleon limit, 
and temporal and angular integration:
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Poor-man renormalisation
O(p2) : M0+ c2m2π
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Renormalised expansion

Mren
0 =M0− 3g2A

16π2 f 2π

∫
dkk2

cren2 = c2+
3g2A
16π2 f 2π

∫
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MN =Mren
0 + cren2 m2π−

3g2A
32π f 2π

m3π

Nonanalytic term: model-independent

Absorb infinities into 
redefinition of expansion 

constants
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Chiral structure of the nucleon
Chiral corrections to electromagnetic 
form factors

Leading nonanalytic corrections

µp(n) ∼∓g
2
AMN

8π f 2π
mπ

〈r2〉p(n)E ∼∓1+5g2A
(4π fπ)2

logmπ

Λχ

charge radii become 
infinite in the chiral limit



The Foldy Term
GE(Q2) = F1(Q2)− Q2

4M2F2(Q
2)

GM(Q2) = F1(Q2)+F2(Q2)

Fn
1 (Q2 = 0) = 0 µn ≡ Gn

M(Q2 = 0) = Fn
2 (0)

〈r2〉nE = −6 d
dQ2

Gn
E(Q2 = 0) = −6 d

dQ2
Fn
1 (0)+

3
2M2µ

n

〈r2〉nE = −0.116±0.002fm2
−0.126fm2

Foldy Term (1952)
Intrinsic charge distribution interpreted to 

be zero, charge radius just a relativistic 
effect of anomalous magnetic moment
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Entering the parity-violating world







The weak-interaction
• Standard Model electroweak theory unified by 

Weinberg, Salam & Glashow

• Local gauge symmetry group

• Parity maximally broken by SU(2) sector, 
coupling to left-handed currents only

SU(2)×U(1)

Lint =−eJµEM(x)Aµ(x)− g
2cosθW

JµNC(x)Zµ(x)− g
2
√
2
JµCC(x)W †

µ (x)+h.c.

γ Z0 W±



The weak-interaction... 2
• Weak mixing angle

• Physical photon is mixture of U(1) and SU(2) gauge fields

• The Fermi interaction

sinθW =
e
g
, sin2θW = 0.2230±0.0004

W±

g

g

GF

GF =
√
2g2

8M2
W

= 1.16639±0.00001×10−5GeV−2



Neutral weak current

• Electromagnetic current

• Neutral current

• Charged current

• More complicated: CKM mixing matrix

JµEM =
2
3ūγ

µu− 13d̄γ
µd− 13s̄γ

µs

JµNC=ūγ
µ
(
1
2−

4
3 sin

2θW − 12γ5
)
u+ d̄γµ

(
−12+

2
3 sin

2θW +
1
2γ5

)
d

+s̄γµ
(
−12+

2
3 sin

2θW +
1
2γ5

)
s



Experimental Strategy

• Measure the interference between photon and 
neutral currents in parity-violating electron 
scattering (PVES)

γ Z0

γ 2



PVES from a proton target

• Total asymmetry

APV =
σR−σL
σR+σL

=
[−GFQ2

πα
√
2

]
εGpγ

E G
pZ
E + τGpγ

MG
pZ
M − 1

2(1−4sin2θW)ε′Gpγ
MG̃

p
A

ε(Gpγ
E )2+ τ(Gpγ

M )2

Charge symmetry: neglect u-d mass difference, EM corrections
invariance under u–d exchange

Gp(u)
E,M = Gn(d)

E,M , Gp(s)
E,M = Gn(s)

E,M , . . .

4GpZ
E,M = (1−4sin2θW)Gpγ

E,M−Gnγ
E,M−Gs

E,M

Strangeness



Experimental Programs
• SAMPLE Collaboration at MIT-Bates

• Backward angle scattering: H & D @ Q2~0.1 GeV2

• HAPPEx Experiment at Jefferson Lab

• Forward angle: H @ Q2~0.5,0.1 GeV2: He4 @ Q2~0.1 GeV2

• PVA4 at Mainz

• Forward angle: H @ Q2~0.23,0.1 GeV2

• Backward run:  H @ Q2~0.23 GeV2 (in progress)

• G0 Experiment at Jefferson Lab

• Forward angle: H @ Q2~0.12—1.0 GeV2

• Backward run: H & D @ Q2~0.23,0.6 GeV2 (in progress)



Q2 = 0.1GeV2CERN Courier

Suggestion of a large & positive 
strangeness magnetic moment
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THEORY:
Strangeness content in a QCD-

based approach.



Chiral Extrapolation
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Finite-range regularisation

=− 3g2A
16π2 f 2π

∫ ∞

0
dk k4

k2+m2π
Use functional form to regularise ultra-violet 

behaviour of loop integral, eg. dipole

− 3g2A
16π2 f 2π

∫ ∞

0
dk k4

k2+m2π

(
Λ2

Λ2+ k2

)4

Exactly the same model-independent nonanalytic 
contribution!



Finite-range regularisation... 2
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Finite-range regularisation... 2
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Baryon Masses
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Differences described by pion-loop corrections



Proton Magnetic Moment
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p=
2
3u

p− 13u
n+ON

n=−13u
p+

2
3u

n+ON

3ON = 2p+n−up

Σ+=
2
3u

Σ− 13s
Σ+OΣ

Σ−=−13u
Σ− 13s

Σ+OΣ

Σ+−Σ− = uΣ

3ON = 2p+n− u
p

uΣ
(Σ+−Σ−)

3ON = p+2n−un
3ON = p+2n− un

uΞ
(Ξ0−Ξ−)

Ξ0−Ξ− = uΞ

Lattice QCD

Strangeness
Assume charge symmetry



The loop part

u,d,s
=
2
3
lGu

M−
1
3
lGd

M−
1
3
lGs

MON =

“l” loop contribution

lGu
M = lGd

M

mu = mdQCD equality for

ON=−13
(lGd

M+ lGs
M
)

=
lGs

M
3

(
1− lRsd
lRsd

)

lRsd = lGs
M/lGd

M = 0.139±0.042
Kaon strength relative to pion



Strangeness Magnetic Moment

Gs
M=

(
lRsd

1− lRsd

)[
2p+n− u

p

uΣ
(Σ+−Σ−)

]
Gs
M=

(
lRsd

1− lRsd

)[
p+2n− un

uΞ
(Ξ0−Ξ−)

]

Two equations give linear constraint between 
p/Sigma and n/Xi ratios



Gs
M > 0

Gs
M < 0



u-quark in the proton



u-quark in the Sigma



Final Result

up

uΣ
= 1.092±0.030

un

uΞ
= 1.254±0.124

Gs
M =−0.046±0.022µN



Hyperon magnetic moments



Electric Form Factor
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QCD Valence
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Theory





Theory, Leinweber et al.

Gs
M = +0.01±0.29µN
Gs
E = +0.002±0.021

New 2006 HAPPEx 
results + global 
analysis of all 

world data



Electron scattering can probe charge and 
magnetisation distributions in the nucleon

Chiral symmetry important in low-energy QCD

Chiral symmetry provides vital information on 
nucleon structure in QCD

Weak-interaction violates parity symmetry, allows 
flavour separation of nucleon structure

Theoretical approach providing a significant 
advance in the understanding of the nucleon



THANKS!


